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Tbjectives: Atrial tachyarrhythmia is a common complication late after the atrio-
ulmonary connection Fontan procedure. The P-wave duration and dispersion have
een regarded as useful markers for its prediction. The purpose of this study was to
nalyze change in the P-wave characteristics over time after the atriopulmonary
onnection Fontan procedure, with a special emphasis on the timing of the Fontan
onversion.
ethods: We reviewed clinical and electrocardiographic data in 18 patients with
lassic tricuspid atresia who underwent the atriopulmonary connection Fontan
rocedure. Their median age at operation was 4.1 years (range, 1.1–22 years), and
he median follow-up period was 18.1 years (range, 10-25 years). We measured the
-wave duration, dispersion, and axis from consecutive 12-lead electrocardiograms
n each patient.
esults: There was a significant increase in the maximum P-wave duration as well
s the P-wave dispersion over time. Transient ectopic atrial rhythm was observed in
6 patients during follow-up. Atrial tachyarrhythmia developed subsequent to
ransient ectopic atrial rhythm in 8 patients. Ten patients underwent the conversion.
trial tachyarrhythmia recurred in 2 patients who had sustained arrhythmia (6.0 and
.0 years) before the conversion. In contrast, the other 8 patients with transient
ctopic atrial rhythm alone or nonsustained atrial tachyarrhythmia have been free
rom arrhythmia after the conversion.
onclusions: Patients commonly and increasingly had prolonged P-wave duration,
arger P-wave dispersion, and ectopic atrial rhythm, along with an atrial tachyar-
hythmia propensity, late after the atriopulmonary connection Fontan procedure.
hese P-wave characteristics were informative when considering the Fontan con-
ersion before a sustained atrial tachyarrhythmia ensued.
trial tachyarrhythmia is a widely known late complication in patients who
have undergone the classic atriopulmonary connection (APC) Fontan pro-
cedure,1-11 and this complication contributes to mortality after the Fontan
rocedure.1-3 Its incidence increases postoperatively with time.3-9 The ever-growing
opulation of patients who have undergone Fontan procedures surviving into
dulthood is highly susceptible to this complication. Conversion to total cavopul-
onary connection in association with antiarrhythmic surgery is a viable option;
owever, its optimal timing remains controversial.12-20
Structural remodeling resulting from complex atrial scars and abnormal atrial
all stress is universal in this setting and leads to atrial electric re-entry 4-6,11,14 and
inus nodal dysfunction.2,5,21,22 The P-wave characteristics have been found to
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Deflect such structural remodeling of the atrium. In recent
eports, two simple electrocardiographic (ECG) markers,
amely the P-wave duration and the P-wave dispersion,
ere studied for the detection of these conduction
bnormalities.23-34
We conducted a consecutive review of the P-wave charac-
eristics in patients who have undergone the APC Fontan
rocedure to clarify whether this simple ECG analysis could
epresent the process of developing rhythm disturbance and




primary enrollment criterion of this study was classic tricuspid
tresia and its close relatives. To homogenize the underlying
orphologic background, we excluded all other types of malfor-
ations, such as heterotaxy, situs inversus, and mitral atresia. In
ddition, patients with less than 3 years of follow-up were also
xcluded. Between 1979 and 1991, a total of 60 patients underwent
he APC Fontan procedure at the National Cardiovascular Center.
hirty-two of them had tricuspid atresia or severe tricuspid steno-
is in the setting of situs solitus. Twenty-seven survived and were
ischarged, and 6 of these survivors died late (within 38 months
fter the operation). Three patients were lost to follow-up. This
ccordingly left 18 patients for review of clinical and ECG data.
he institutional review board approved this retrospective chart
eview, and individual consent was waived.
The study population consisted of 9 male and 9 female patients.
ifteen patients had tricuspid atresia and 3 had severe tricuspid
tenosis. Ventriculoarterial connections were concordant in 14,
ouble-outlet from the incomplete morphologically right ventricle
n 3, and discordant in 1 patient (Tables 1A and 1B). Fourteen
atients had a previous palliative procedure, including systemic–
ulmonary artery shunt in 12, the Glenn shunt in 1, and enlarge-
ent of the intra-atrial communication in 1. All patients were in
inus rhythm before any surgical procedure. Originally, they un-
erwent the APC Fontan procedure; the Fontan circulation had
een established by direct anastomosis between the pulmonary
rtery and the right atrial appendage and closure of intra-atrial
ommunication by direct suture or patch technique. The median
ge at the initial Fontan procedure was 4.1 years (range, 1-22
ears). Yearly follow-up was complete in all except 2 patients; one
ropped out from the routine follow-up 10 years after the initial
ontan procedure (patient 8), and the other had less frequent
ollow-up until acute thromboembolism of the pulmonary artery
eveloped (patient 18). The median follow-up period was 18.1
Abbreviations and Acronyms
APC  atriopulmonary connection
ECG  electrocardiogram(graphic)
IART intra-atrial re-entrant tachycardiaears (range, 10-25 years). 2
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onsecutive 12-lead surface ECGs in all 18 patients were exam-
ned from the early preoperative period to the latest follow-up. The
ajority of the ECGs were recorded at the outpatient clinic as part
f a routine screening examination. Those ECGs in which P waves
ould not be identified owing to atrial tachyarrhythmia or those
ecorded after the conversion procedure were excluded from the
-wave analysis. The number of ECGs included in this analysis for
ach patient ranged from 6 to 37.
The ECGs were recorded at a paper speed of 25 mm/s and
mV/cm standardization. We measured the P-wave duration and
mplitude in all 12 leads recorded simultaneously. A single inves-
igator, blinded to the patient’s name or sequence of the ECG,
erformed all measurements. Measurements were obtained manu-
lly from the printout with an electronic caliper (M&T DC-150P;
itutoyo, Kawasaki, Japan) and the aid of a magnifying glass
3.7-fold magnification) to confirm reproducibility. The onset of
he P wave was defined as the junction between the isoelectric line
nd the beginning of the P-wave deflection, and the offset was
efined as the junction between the end of the P-wave deflection
nd the isoelectric line. The P-wave duration was defined as the
nterval between the earliest onset and the latest offset. The
aximum and minimum P-wave durations based on measurements
n all 12 ECG leads were calculated, and the P-wave dispersion
as defined as the difference between the maximum and the
inimum P-wave duration of individual ECG (Figure 1).24-34 The
-wave axis in the frontal plane was determined from the P-wave
mplitude in the limb leads and the ectopic atrial rhythm was
esignated as a persistent shift in the P-wave axis greater than 45°
s compared with the preoperative ECG.21 The time to ectopic
trial rhythm was defined as the time to the first episode docu-
ented by the standard ECG beyond the immediate postoperative
eriod. Atrial tachyarrhythmia was defined as a documented intra-
trial re-entrant tachycardia (IART) or atrial fibrillation. Atrial
utter was included under the IART heading.
ata Analysis
ata are presented as the mean  1 standard deviation. The
umulative event-free rate was estimated by the Kaplan–Meier
ethod. Changes of ECG markers were analyzed with the general
inear mixed model with years as a fixed effect and patients as a
andom effect. The covariance structure was autoregressive. Time
as truncated by a year and the latest value in a year was used. P
alue was calculated by F statistic. All statistical tests were con-
ucted with SAS Statistical Software version 8.02 (SAS Institute
nc, Cary, NC).
esults
CG Markers and Arrhythmia
here was a significant increase in the maximum P-wave
uration over time after the APC Fontan procedure. Simi-
arly, the P-wave dispersion showed a significant increase
ver time (Figure 2). The mean value of the preoperative
aximum P-wave duration was 116.6 12.6 ms. The mean
aximum P-wave duration calculated from the available
ata extracted in each patient during 8 to 12 years and 18 to










For legend see Table 1A.
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DFigure 1. Measurement of the P-wave
duration. In this electrocardiogram, the
maximum P-wave duration was ob-
served in lead V1 and the minimum
P-wave duration in lead V3. The P-
wave dispersion was defined as the
difference between the maximum and
the minimum P-wave duration. There-
fore, the P-wave dispersion was cal-
culated as 92 ms.ABLE 1A. Clinical characteristics of the 8 patients who had not undergone the conversion procedure
atient No. Diagnosis Age at Fontan (y) Interval to EAR (y) Interval to AT (y) Rhythm outcome
1 TA, DORV 5.0 8.7 13.4 IART, catheter ablation
2 TA, VAC 2.2 10.6 — No arrhythmia
3 TA, VAC 4.6 13.8 — No arrhythmia
4 TA, VAC 3.0 11.9 — No arrhythmia
5 TA, VAC 3.2 9.2 — No arrhythmia
6 TA, VAC 3.0 1.1 — No arrhythmia
7 TA, VAC 4.9 8.7 — No arrhythmia
8 TA, VAC 4.7 — — No arrhythmia
A, Tricuspid atresia; TS, severe tricuspid stenosis; VAC, ventriculoarterial concordance; VAD, ventriculoarterial discordance; DORV, double-outlet right












conversion (y) Indications for conversion Rhythm outcome
9 TA, VAC 2.6 6.9 9.8 15.8 18.5 AF, thrombus AF recurred
10 TA, VAC 8.6 9.5 11.0 19.0 27.6 AF, thrombus AF recurred, PMI
11 TA, VAC 3.4 10.3 11.4 11.6 15.0 AF Transient IART, PMI
12 TA, DORV 22.7 0.6 8.3 10.3 33.0 IART, SAS No arrhythmia, no
antiarrhythmic drug
13 TA, VAC 3.3 6.6 17.5 17.8 21.2 IART No arrhythmia, no
antiarrhythmic drug




15 TA, VAD 5.0 12.1 — 14.6 19.6 IART (exercise induced) No arrhythmia, no
antiarrhythmic drug
16 TA, VAC 1.1 8.3 — 15.6 16.7 Poor exercise tolerance No arrhythmia, no
antiarrhythmic drug
17 TA, VAC 3.6 3.2 — 14.2 17.8 Thrombus No arrhythmia, no
antiarrhythmic drug
18 TS, DORV 9.2 — — 19.5 28.7 Thrombus No arrhythmia, no
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D61.7  31.9 ms (n  6), respectively. The mean value of
he P-wave dispersion calculated in a similar manner was
3.1  11.4 ms preoperatively, 55.0  30.6 ms during 8 to
2 years, and 70.0  24.4 ms during 18 to 23 years.
Ectopic atrial rhythm was noticed in 16 patients during
ollow-up (Figures 3 and 4 and Tables 1A and 1B). All of
hese patients were free of symptoms at the time of
ctopic atrial rhythm and remained unaware of such a
hange. The remaining 2 patients without ectopic atrial
hythm had infrequent ECG data (patients 8 and 18).
urvival free from ectopic atrial rhythm was 83.8% 
.8% at 5 years, 38.9%  11.5% at 10 years, and 6.5% 
.2% at 15 years (Figure 5).
Atrial tachyarrhythmia developed in 8 patients, occurring
fter a certain period of transient ectopic atrial rhythm in
ach patient. Eventually, atrial fibrillation developed in 3,
ymptomatic IART in 3, and exercise-induced IART in 2
atients. Two patients (patients 9 and 10) had persistent
trial fibrillation despite multiple antiarrhythmic medica-
ions. They had also right atrial thrombus formation, despite
eing treated with anticoagulation. Seven of these 8 with
trial arrhythmia underwent the conversion procedure. The
emaining patient with symptomatic IART underwent cath-
ter ablation with early success, but IART recurred 1 year
ater.
Of 10 patients without documented atrial tachyarrhyth-
ia, 3 underwent the surgical conversion procedure becausef indications other than rhythm disturbances. The other 7 n
298 The Journal of Thoracic and Cardiovascular Surgery ● Maatients have been free from symptomatic arrhythmia dur-
ng follow-up.
onversion to Total Cavopulmonary Connection
en patients underwent the conversion to total cavopulmo-
ary connection with concomitant antiarrhythmic surgery.
ajor impediments submitted for the conversion included
ymptomatic atrial tachyarrhythmia in 4, exercise-induced
Figure 2. Changes of maximum P-wave
duration and P-wave dispersion after the
initial Fontan procedure. Changes were
analyzed with the general linear mixed
model with years as a fixed effect and
patients as a random effect. There was a
significant increase in both the maxi-
mum P-wave duration and the P-wave
dispersion. (P-wave duration; 113.2 
2.6x [P < .001, F  59.56, NDF  1,
DDF  194], P-wave dispersion; 39.5 
1.3x [P < .001, F  15.63, NDF  1,
DDF  194], x; year). NDF, numerator
degrees of freedom; DDF, denominator
degrees of freedom.
igure 3. An example of the changes in P-wave characteristics.
his patient underwent the initial APC Fontan procedure at the
ge of 3. Ectopic atrial rhythm developed at the age of 9 years.
he maximum P-wave duration and P-wave dispersion became
ncreasingly prolonged, and eventually intra-atrial reentrant
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DART in 2, thrombosis in 4, intracardiac lesions in 2, and
oor exercise tolerance in 1. The interval between the initial
PC Fontan and the conversion procedure ranged from 10.3
o 19.5 years (Table 1B).
As previously described,16 an expanded polytetrafluo-
oethylene tube was inserted intra-atrially in 2 patients
ndergoing the conversion procedure before 1996 (pa-
ients 1 and 3). In the other 8 patients, an expanded poly-
etrafluoroethylene tube was interposed between the inferior
aval vein and the pulmonary arteries in an extracardiac
ashion. A standard full maze procedure was carried out in 3
atients who had atrial fibrillation, and blocking lines of con-
uction were created by cryoablation in the other 7 patients.
There was no surgical mortality. The follow-up period
fter the conversion procedure ranged from 1.0 to 9.8 years.
ll patients resumed sinus rhythm immediately after the
onversion. Eventually, atrial fibrillation recurred and be-
ame chronic in 2 patients who had atrial fibrillation and
ong-term duration of arrhythmia before the conversion
patients 9 and 10). One patient required ventricular pacing
wing to symptomatic bradycardia on atrial fibrillation (pa-
ient 10). Another patient who preoperatively had atrial
brillation demonstrated transient IART after the conver-
ion (patient 11). In this patient, a permanent pacemaker
Figure 4. Changes in rhythm. The vertical axis repre
Ectopic atrial rhythm was common, which preceded th
or atrial fibrillation in the majority of cases.as also implanted, because of a transient atrioventricular b
The Journal of Thoraciconduction disturbance 1 month after the conversion. The
acing system has been working just as a backup with stable
trioventricular conduction, and postoperative IART re-
uired 32 months’ duration of antitachyarrhythmic drug
dministration. The other 7 patients have been doing well
ithout the need for antiarrhythmic agents or a pacing
ystem after the conversion procedure.
the documented rhythm in each electrocardiogram.
velopment of intra-atrial reentrant tachycardia (IART)
igure 5. Freedom from ectopic atrial rhythm. The time to ectopic
trial rhythm was defined as the time to the first episode docu-
ented by the standard electrocardiogram beyond the immediate
ostoperative period. Cumulative event-free rate was estimatedsents
e dey the Kaplan–Meier method.








































































































n various clinical settings with or without structural heart
isease, the maximum P-wave duration and the P-wave
ispersion, analyzed from the 12-lead surface ECG or
ignal-averaged ECG, have been regarded as useful markers
or the prediction of atrial tachyarrhythmias.23-36 Many
rior studies have demonstrated that individuals with clin-
cal atrial tachyarrhythmias have significantly longer intra-
trial and interatrial conduction time of sinus impulses,
hich is not only determined by extensive electrophysi-
logic study but also shown as P-wave prolongation in the
2-lead surface ECG. A prolonged P-wave duration is
nown to be associated with fragmented and prolonged
trial activation and suggests the presence of arrhythmic
e-entry mechanism predisposing to atrial tachyarrhyth-
ias.37,38 Similarly, P-wave dispersion during sinus rhythm
as found to be significantly greater in patients with atrial
achyarrhythmias; increased P-wave dispersion simply
epresenting nonuniform, anisotropic, and inhomoge-
eous atrial conduction.24
Additionally, recent studies have indicated that the max-
mum P-wave duration and the P-wave dispersion were
rolonged in the Fontan patients with a history of sustained
trial tachyarrhythmias.10,26,31,35,36 Both the maximum du-
ation and the dispersion of the P wave were found to be
orrelated with the right atrial dimensions.31,35 Wong and
ssociates31 suggested that mechanical and electrical re-
odeling of atrial myocardium were interrelated in patients
fter the Fontan procedure.
In the present study, we performed serial ECG mea-
urements after the APC Fontan procedure and showed
hat there was a progressive increase in both P-wave
uration and dispersion over time. Previous analyses of
he P-wave characteristics in the Fontan cohort were
ased on data at arbitrary time points during the postop-
rative period.10,26,31,35,36 Changes in the P-wave char-
cteristics preceded the onset of symptomatic atrial
achyarrhythmias in our patients. Wong and colleagues31
uggested that maximum P-wave duration of 134 ms or
ore and P-wave dispersion of 66 ms or more had a good
ensitivity and specificity in identifying the Fontan pa-
ients with a history of atrial tachyarrhythmias. Our re-
ults are consistent with their finding.
Furthermore, changes in the P-wave axis, which we desig-
ated as ectopic atrial rhythm, turned out to be another com-
on phenomenon after the APC Fontan procedure. This most
ikely reflects sinus nodal dysfunction, real formation of ab-
ormal ectopic foci, or grossly changing geometry of the atrial
rchitecture.21,22 Atrial tachyarrhythmias are frequently
ccompanied by sinus nodal dysfunction, because irregular
radycardia can promote more diversity for refractory pe-
iod of the atrial muscle and then induce re-entry mecha-
ism.5,21,22 Together with the P-wave duration and disper- t
300 The Journal of Thoracic and Cardiovascular Surgery ● Maion, it is pertinently recommended to pay attention to
hange or diversity in the P-wave axis.
On the basis of our findings that changes in the P-wave
haracteristics precede the development of sustained atrial
achycardia, we can revisit a controversial point—that is,
he timing for the conversion from the APC Fontan proce-
ure to total cavopulmonary connection. This surgical in-
ervention in association with antiarrhythmic surgery has
een reported to be remarkably effective for the treatment
f atrial tachyarrhythmias.12-20 However, the postopera-
ive status of cardiac rhythm was not always ideal. To
estore competent sinus rhythm, we previously recom-
ended that the conversion procedure should be considered
ithin a short time from the initial arrhythmic event, as our
arly experience suggested that a long duration of atrial
achyarrhythmias was disadvantageous to achieve a suc-
essful outcome in this particular respect.16 The results of
he present study support our previous recommendation
ith respect to the timing of the conversion. Although it is
ifficult to determine a precise cutoff line for indication of
he conversion surgery, the rhythm prognosis appeared bet-
er when used before atrial tachyarrhythmias became sus-
ained. The surgeon does not need to wait until a sustained
trial tachyarrhythmia is recorded. On the basis of the data
n Figures 2 and 3, there is no good reason to postpone the
onversion surgery in patients with greater values than
ong’s criteria (maximum P-wave duration 134 ms and
-wave dispersion 66 ms).31 Such conditions were much
ore common 10 years after the initial APC Fontan
rocedure.
Of course, arrhythmias are not the sole indicators for the
onversion procedure. Mechanical obstruction across the
ystemic or pulmonary venous pathway, elevated cardiac
enous pressure, deteriorating functional status, size of the
istended atrium, as well as thrombosis, must be taken into
ccount. It is important to recognize that a deteriorating
unctional status, a grossly dilated right atrium, and throm-
osis are often coexistent with arrhythmias. It is also worth
onsidering that, before the onset of clinical atrial tachyar-
hythmias, patients are usually free of symptoms and doing
uite well. Therefore, it is of vital importance to recognize
he ECG changes that precede the onset of atrial tachyar-
hythmias. On the basis of the findings from this study, we
re actively considering surgical conversion of the remain-
ng 8 patients because a substantial change in terms of the
-wave characteristics has already developed, indicating the
resence of a substrate for atrial tachyarrhythmias.
tudy Limitations
he validity of this study is clearly limited by its retrospec-
ive nature. We were unable to assess the “true” process of
hanges in the P-wave characteristics over time because
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Derformed. There was another methodologic difficulty in
efining the onset and the offset of the P-wave manually,
hich may restrict the accuracy and the reproducibility of
he measurements.39 However, this method was performed
nd accepted previously by other investigators.24-34
onclusions
he maximum P-wave duration and the P-wave dispersion
rogressively increased over time after the conventional
PC Fontan procedure in conjunction with an increase in
requency of ectopic atrial rhythms. These P-wave changes
ere regarded as a precursor of atrial tachyarrhythmias and
ere helpful in timing the conversion from the APC Fontan
rocedure to total cavopulmonary connection, so that sur-
ical conversion could be arranged preferably before sus-
ained atrial tachyarrhythmias ensue.
We express our special thanks to Ms Akiko Kada, MPH, who
indly gave us suggestions to conduct the statistical analysis.
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iscussion
r Constantine Mavroudis (Chicago, Ill). Dr Koh, you have
erformed a retrospective study in a relatively small group of
atients in whom you noted time-related changes of P-wave char-
cteristics that result in a stepwise degeneration of coordinated
trial activity leading to ectopic atrial arrhythmias, atrial tachycar-
ia, and eventually atrial fibrillation in APC Fontan patients with
ricuspid atresia. This is a relatively small group of patients with
ne diagnosis.
You developed a thesis that atriopulmonary to total cavopul-
onary artery extracardiac Fontan conversion should be per-
ormed on the basis of P-wave abnormalities even before atrial
achycardia and symptoms cause complications in existing patients
ith a stable APC Fontan.
The idea that all APC Fontan patients regardless of symptoms
r abnormal hemodynamic findings should be converted to total
avopulmonary extracardiac connections has been proposed at a
ery recent 2005 World Congress in Buenos Aires. The present
aper by you and your associates has refined this thesis with
bjective data based on P-wave morphology.
Dr Koh, since increasing right atrial size is a marker for arrhyth-
ias, did you correlate increasing right atrial size with the onset of
rrhythmias? In other words, could you determine the percentage of
ncrease in right atrial size that correlated with the onset of atrial
rrhythmias and changes of the P-wave morphology?
You selected as your study group patients with tricuspid atresia.
his makes sense because we have the most follow-up with these
atients; they seem to have done better 20 years ago. However, do
ou have any experience with other single ventricle patients,
erhaps with heterotaxy syndrome or other complex anatomy? c
302 The Journal of Thoracic and Cardiovascular Surgery ● MaIn closing, I want to emphasize the progressive indications for
ontan patients in our population of 100 patients at Children’s
emorial Hospital in Chicago. Initially, we were very hesitant to
perate primarily for atrial arrhythmias, insisting on more basic
ndications such as pathway obstruction and valvular abnormali-
ies. We have since eased our indications to one or more of the
ollowing: atrial arrhythmias, pathway obstructions, valvular dys-
unction, decreased ventricular function when it is arrhythmia-
elated, and decreased functional status. We have not embraced the
dea of operating without findings, and we have not developed
eliable predictive indications in asymptomatic patients.
You have challenged us to adjust our indications with predic-
ive indications such as your P-wave morphology study. More
tudies with more patients will be necessary to delineate further
his very interesting idea.
Dr Koh. To answer your first question, we did not measure the
ize of the right atrium in this study; however, several other
nvestigators showed correlation between the P-wave duration and
ize of the right atrium. I referred to the study of Dr Wong in this
resentation. He called this relationship “mechano-electorical
nteraction.” He and his colleagues showed that P-wave duration is
orrelated with size of the right atrium measured with echocardi-
graphy.
Dr Mavroudis. Do you have any experience with other types
f anatomy, other substrates, for example, heterotaxy syndrome?
Dr Koh. To homogenize morphologic background, we selected
atients with simple tricuspid atresia as the study population. We
elieve that cardiac morphology influences the P-wave character-
stics. In the preliminary study, we assessed changes of the P-wave
haracteristics in a small number of heterotaxy patients. In the
eterotaxy patients, changes of the P-wave axis were frequent,
robably resulting from variable location of the conduction sys-
em. Therefore, we found it difficult to show time-related changes
n the P-wave characteristics in this particular group.
Dr Mavroudis. It is safe to conclude, then, that the findings
hat you have here are specific for patients with tricuspid atresia,
nd for any other patients it remains to be seen what the results of
-wave morphology will be over time. Is that correct?
Dr Koh. Yes. The main message of this study is that APC
ontan patients eventually have rhythm disturbance and early
onversion is justifiable. I believe this phenomenon is universal in
ny setting, although it is difficult to show it in terms of the P-wave
haracteristics.
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